The approaches usually used for building large genetic maps consist of dividing the marker set into linkage groups and provide local orders that can be tested by multi-point linkage analysis. To deal with the limitations of these approaches, a strategy taking the marker set into account globally is defined. Results: The paper presents a new approach called 'Bi-Dimensional Scaling Map' (BDS-Map) for inferring marker orders and distances in genetic maps based on the use of an additional dimension orthogonal to the map into which markers are projected. Dynamical forces based on a two-point analysis are applied to tend to optimize the marker locations in space. The efficiency of the approach is exemplified on real data (16 and 70 markers on chromosomes 6 and 2, respectively) and simulated data (50 maps of 70 markers).
Introduction
The construction of genetic maps of all the human chromosomes is one of the big challenges of modem biology. Such maps will enable us to localize genes of interest as a first step toward the prevention and therapy of genetically linked diseases.
Mapping genetic markers needs knowledge of both the order of loci and the genetic inter-distance given that order. In theory, the likelihood of each possible order could be compared using appropriate family data. This method rapidly 3 To whom correspondence should be addressed becomes intractable when the number n of loci increases, since the number of comparisons increases as n\fl. The usual strategy to cope with this intrinsic combinatorial problem is to proceed in two steps: (i) using results of two-points analysis, one searches for a so-called pre-order: the 'seriation method' (Buetow and Chakravarti, 1987) , the 'simulated annealing schedule' (Weeks, 1988) , the 'branch and bound algorithm' (Thompson, 1987) , the 'pairwise permutation method' (Hazout et al., 1989) and the 'minimal distance map' (Falk, 1989) are the principal approaches in this regard; (ii) the second stage uses a multi-point approach: LINKAGE (Ott and Lathrop, 1987; Lathrop et al., 1988) , CRIPMAP or MAPMAKER (Lander and Green, 1987; Lander et al., 1987) . A bi-dimensional method has also been recently presented (Curtis, 1994) .
In this paper, we propose a new method, called BDS-map for 'bi-dimensional scaling' algorithm, which keeps the basic two-stage approach previously described.
A pre-ordering stage, based on 'transformed genetic distances' provides a rough order for markers. The principle is similar to a seriation method and provides a biologically acceptable solution.
In the second stage, we make use of an additional dummy dimension to facilitate the search for the optimal map. The set of all markers subjected to dynamical forces is submitted to rearrangement in space and finally is projected back down to the 'chromosome axis' to produce a map. This process is similar to a gravitation process in mechanics.
In the first section, we will detail the method and the chosen optimization criterion. In the second section, we present two applications aimed at illustrating the method: (i) a simple case of mapping involving 16 markers on chromosome 6; (ii) a large map involving 70 markers on chromosome 2.
The efficiency of the method is evaluated on random samples of simulated maps analysed with two criteria based on compared orders of markers and their inter-loci distances.
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Bi-dimensional scaling method (BDS-Map)
Data
Basic information for building a preliminary ordering of genetic markers consists of the pairwise recombination fractions between markers that can be transformed in genetic distances by a mapping function (Haldane or Kosambi for example). The recombination fractions are estimated by linkage analysis from observed pedigrees (Lathrop et al., 1985) . Each estimated recombination fraction is associated to a maximal lod score that indirectly measures the confidence in this estimation. In a system of M markers, the basic information may be summarized into two M x M matrices, one with pairwise recombination fractions and the other with the corresponding lod scores.
First step: seriation method
In order to keep the problem tractable when the number of loci increases, one has to start the minimization from an approximate initial solution. A preliminary ordering method is therefore applied, namely a 'modified seriation method'.
In order to make this preliminary ordering as robust as possible, the genetic distances are transformed. A special metric has been chosen which aims to make use of known global information. If one uses the genetic distance between a pair of loci as a metric, one does not exploit the distance of this pair with other loci. The transformed distance intends to do so by adding an appropriate term to the sole genetic distance. This term aims to express that two neighbouring loci are approximately equally distant from any other marker. Such a transformed distance d;' between markers / andy is given by:
One should note that large distances, possibly unreliable, may represent an important part of d;': in order lo control such possible bias, another version of equation (1) is proposed:
with
(2)
where S y is a transformation of the genetic distance between marker / and marker y into an index varying in the range [0, 1]. In fact, a marker k far from markers / andy (i.e. d^ and dl arger than Do) contributes only weakly to the transformed genetic distance d' r and conversely for a close marker. This effect decreases according to an exponential function (hence the expression of S,*)-So the parameter Do allows the control of the variation field. In our study, Do is fixed to lOcentimorgans (cM). In addition, when Do tends toward a large value (for example the map size), equation (2) becomes identical to equation (1).
The seriation algorithm consists of selecting first the two nearest markers according to the transformed distances, and then extending the map by adjoining each time the nearest marker to one of the extremities of the map. When a marker is far from both ends of the chain (i.e. the distances of all markers not introduced are greater than a given threshold relative to these ends), we check for proximity to markers inside the chain and insert it there. This seriation method gives an initial order for markers for the second step: BDS-Map method.
Criterion
In the classical approaches of pre-ordering, the criteria defined for the selection of the optimal map are multiple (Olson and Boehnke, 1990) . As we want to define a map with estimation of the inter-locus distances, we have chosen a criterion similar to the one proposed by Lalouel (Weeks and Lange, 1987) .
Let d,j and D,j be the observed and theoretical genetic distances between markers M, and Mj. The observed distances correspond to the estimations obtained from linkage analysis and the theoretical ones to the distances between marker locations by assuming a unidimensional representation (i.e. verifying the additivity rule: for three markers A, B and C located in this order, the distance D^c between A and C is equal to the sum of the distances D^B between A and B, and DBC between B and C). The optimal theoretical distances are obtained by minimization of:
(3)
where co^ denotes a weight associated with the observed distances. In Lalouel's criterion,^ is the inverse of the variance of d,j. When the transformation of recombination fraction into genetic distance uses the Haldane mapping function, the variance becomes \>aii,d,j) = -'' ., while when the Kosambi mapping function is used vai\d,j) = where r,j denote the estimated recombination fraction between markers / and y. An alternative choice of weights is provided by setting cty as an increasing function of the maximal lod score which expresses that the precision of the estimation of the recombination fraction increases with the lod score. This avoids the calculation of the qj variances and is appropriate when the maximal lod score is known.
Description of BDS-Map
The main difficulties for obtaining the optimal map come from the constraint induced by the addivity rule in the interdistance calculations, and from the combinatorial complexity of the problem.
Almost all the classical methods proposed use evaluation functions based on the loci order, and consequently use combinatory algorithms. Two methods differ in this regard: one makes use of a function based on maximum lod scores between all pairs of loci and their standard errors as proposed by Lalouel (1977) , while the other is based on the interpolation of lod scores between all pairs of loci (Rao et al., 1979) .
The objective of our method is to obtain the optimal genetic map relaxing the addivity constraint between distances in a one-dimensional space, by adding another artificial dimension, in order to facilitate the optimization process.
This approach corresponds to a particular group of methods called 'Multidimensional Scaling Technique' (Kruskal, 1964a,b) or MDS-technique, used for complex problems of representation of a distance matrix in space of low dimension. In the present study, the mapping problem is a bi-dimensional scaling process. The BDS-Map associates a point to each marker. We use a mechanical analogy in which each point is expelled from the chromosome axis into the complementary dimension. A set of forces is applied to every point pair, the forces resulting from interactions between points. In addition, a gravitational force brings back the point to the chromosome axis.
The global evolution of the process may be divided into two phases: the first one is ascending since the expulsion forces are greater than the gravitation ones; the second phase starts when the points have K-coordinate values high enough to invert the process. Finally, to obtain a linear map on the X-axis (or 'chromosome axis'), the expulsion forces are reduced while the attraction ones are increased in the second phase. Through these two phases, the interaction forces are determined to minimize the weighted differences between the geometric and genetic distances.
An important point is that the expulsion forces are not the same for each marker. In consequence, a poorly determined marker (i.e. with a low sum of lod scores) will be expelled higher, in addition, this marker will be brought back to the chromosome axis after the best determined markers.
Two stopping rules have been defined: (i) a relative variation of the criterion smaller than a given threshold (only during the second phase); (ii) a threshold on ^-coordinates, which fixes when markers are sufficiently close to the chromosome axis.
A maximal number of iterations is also introduced by the user as a precaution to avoid the cases where the previous thresholds are not adequate.
Vectorial presentation. In order to present the proposed method, we chose to take a mechanical analogy of the process. In this view, a bi-dimensional scaling is based on the definition of an iterative process that characterizes the displacement of a system of M points in a plane.
In our approach, we define three kinds of forces that are applied to each of the M points at each iteration: (i) An ascending force, called 'expulsion force', whose modulus is initially maximal and decreases at each step. The objective consists of propelling out the points from the X-axis which represents the 'chromosome axis'. (ii) An opposite force, called 'gravitation force', which depends on the vertical distance (i.e. the K-ordinates corresponding to the complementary variable) and increases at each step. The gravitation force is analogous to the universal gravitation. Its role is to bring back the points on the X-axis after a spatial rearrangement obtained by the use of the third type of force, (iii) An interaction force, which is the resulting vector of the pairwise attraction-repulsion forces of every point with all the other ones. The displacement of a point between successive steps is proportional to the resulting vector of those three forces. As each geometric point associated to a marker is submitted to these forces, the resulting process minimizes the interaction and leads to an optimal ordering in this regard.
Analytical expression of the point displacement. Each point mi is associated with a marker Mj. The displacement vector D" at step n is calculated to compute the coordinate vector M" +1 from the former vector M". The corresponding equation of the displacement is defined as:
where k is a user-defined constant.
The displacement vector D is the sum of an interaction force R, an expulsion force E and a gravitation force G:
The forces expressions are detailed in the Appendix.
In Figure 1 , we show the expulsion and gravitation forces E, and G, in an example of a 3-point system. The resultant vector D, allows the determination of the new location of these three points at step n + 1. In this figure, where gravitation force is larger than expulsion, markers are moving back to the chromosome axis corresponding to phase 2 of the algorithm. Expression of modified criterion. In our approach, we use a modified version of the equation (3) criterion to be optimized.
This modified criterion introduces a gravity potential, in addition the theoretical distances D y are changed into geometric distances 8(w,;m / ), g, (the gravitational coefficient) is defined in the Appendix. This criterion has no expulsion term as the optimization process is efficient only when the expulsion forces become negligible (i.e. in phase 2). As the Y coordinates tends to zero when the markers are back on the chromosome axis, the geometric distances bim,/rij) tend to the theoretical genetic distances D^; in the limit, both criteria (3) and (6) become identical.
Evaluation of the BDS-Map method by simulated maps
In order to evaluate the method, we have generated 50 different maps, and compared their results obtained by BDS-Map to the generated data. Recombination fractions and lod scores of generated maps are drawn from distributions defined from the data of chromosome 2 analysed in the following section on applications. Seventy markers are either randomly disposed on the chromosome for 25 maps, either concentrated around six loci for the 25 others on a map of 320 cM (approximate size of chromosome 2). We calculate two indices after comparing the reference map with each observed map: (i) Enumerate a ' Pair index' P which is the rate of inverted marker pairs. P = N p /N, where N p and /V, are, respectively, the number of inverted pairs of markers and the total number of marker pairs [equal to m(m -l)/2]. P varies in the range [0.5; 1 ]. If P takes a value <0.5, we transform P into (1 -P), i.e. it is equivalent to invert one of the two maps, measures a standard error of fitness on the inter-loci distances.
Applications
Two applications of the method on real data are presented in this section. The first one treats the locations of 16 markers on human chromosome 6 (Blanche ' etal., 1991) . For this set of markers, we have not used the pre-ordering procedure. The second application is a set of 70 markers on chromosome 2. We compare the map obtained by BDS-Map with the published one.
Application to a 16 marker map HLA.B) .
The displacement of points obtained by our approach is presented in Figure 2 with the following initial order: Table 1 . Studied loci of chromosome 6. K, and /•", are the maximal lod score sums and the genetic distance sums by locus, respectively This order is drawn at random. Locus D6S7 (locus 1) totally changes its location, from an initial position at the right side of the map to the left extremity. Marker F13A1 (locus 16) realizes a rapid ascending movement to extract itself from the point set and then a slow decreasing displacement to the left side. The other points go far from these two points toward the right side of the figure. We can observe that four markers, D6S7, D6S8, KRAS IP andFI3AI (respectively locus numbers 1,2. 10 and 16), perform an ascending displacement higher than the other ones, this corresponds to the highest F, modulus (i.e. the sum of genetic distances for a given marker). Also, gravitation force is prominent in the last phase of the point displacement, and overwhelms the interaction forces. The points representing the markers do not exactly stop on the X-axis: they are scattered around the axis according to the Kj values intervening in the gravitation process. The ordinate of a marker (not precisely located on the chromosome axis) characterizes its location variability. The distance to the X-axis provides a rough estimate of the uncertainty of its location on the X-axis. As a matter of fact, the additivity rule for a linear map is not perfectly verified on the observed genetic distances, so the distance inaccuracy appears in this effect.
Under the assumption of no sex difference in recombination fractions and using Haldane mapping function, the orders and inter-distances (in cM) given by Blanche et al. (1991) Our method gives a range of 101 cM compared to the map sizes of 97 cM wide with a multi-locus linkage analysis. The orders of the markers are very similar. However, we note an inversion between two markers D6S5 and D6S19, but their locations are. respectively, only distant to 4 and 1.3 cM; D6S90 is located at 2 cM before the close markers MUT and D654 in the published map and 1.9 cM after this pair in our map. In addition, we observe a location of D6Z1 totally different between the two maps (a distance >10 cM). This marker should be located in the centromeric region of chromosome 6. However, it is not contradictory with the observed recombination fractions; in fact, the locus D6Z1 is close to locus set (MUT, D6S4 and D6S90) and to KRAS 1P (distances from 4 to 6 cM, all with very significant lod scores: > 10), but also far from PGK1P2 (17 cM with a lod score of 6.2). The final position of D6Z1 may be explained by the larger weight of the three markers (MUT. D6S4 and D6S9O) compared to that of KRAS 1 P.
The values of the Pair index P and the Distance index S are, respectively, 6.7% (i.e. eight inverted pair markers among the 120 possible marker pairs) and 3.3; this last value is large due to the difference of 8.3 cM between interlocus distance D6S7-F13A3.
A 70 marker map
The BDS-Map method, using initially a seriation method applied to 70 markers located on chromosome 2, produces a map very close to the reference one. Figure 3 shows the trajectories of points relative to the 70 markers. We note the satisfactory order obtained by the seriation method; only local recombinations between markers in the middle of the map and displacements in the extremities allow the improvement of the optimal map. By comparing the published map (not shown) with our results, we note that no more than 10 markers are misplaced, four of which are inversions of two contiguous loci distant 2 cM or less. The other misplaced markers are at most 3 cM away from their relative position on the reference map. Comparisons between the two maps with Pair index and Distance index calculations were performed: P is equal to 1.3% (31 inversions among 2415 markers pairs) and S to 3.62. When inverted pairs with a distance between markers of <1 cM are not taken into account, P becomes <0.4%.
We also ran BDS-Map on these data without preliminary ordering (i.e. the starting positions of loci were random). We obtained a poor Pair index seven times larger (9.6%) than with preliminary ordering and a Distance index almost twice as large (5.15). The initial seriation method is shown clearly to improve the final map.
Evaluation of the BDS-Map method
The set of 50 simulated maps provides a good evaluation of the BDS-Map method since for the 25 randomly disposed maps we find for the Pair index P a mean of 1.82% (SD 0.39) and a mean Distance index S of 4.04 (SD 0.48). Similar results are obtained for the 25 concentrated maps: mean P is 2.11 % (SD 0.41) and mean S is 4.16 (SD 0.41). We see here that the 70 markers map of chromosome 2 obtained by the BDS-Map method gives good results because both criteria are under average.
System and interface
BDS-Map is a C program with a graphical user interface. The program is designed to be ported to a variety of platforms with different operating systems (Apple Macintosh, UNIX curse and X-windows).
The present version on Apple Macintosh is described in French. Figure 4 shows the screen of database management; the database concerning chromosome 22 is displayed. This database is defined from Genethon data, but it is possible to insert personal observations. It contains for each marker pair the identification labels, the recombination fraction and the associated maximal lod score; one can find in a window additional comments about the data origin. In the left part of the screen (Figure 4) , the list of available markers is shown (the user can select a sub-list for the genetic map). The term 'liaisons' indicates the record number where the marker is associated with another one (this number is a fortiori less than the marker number, i.e. herein 27). In the right part, the map either previously defined and stored in memory, or built by the senation method (described in this paper), is given with the inter-locus distances in centimorgans. The buttons are: 'chercher', which allows the search for marker location in the preliminary map, 'liaisons' and 'positions', which allow the data reading concerning a selected marker subset, and 'evolution', which allows the MDS-Map start. Figure 5 gives an example of an optimal map search for the 27 markers of chromosome 22. The graph in the left part of the screen shows the trajectories of points representing the markers. In the right part, the initial and the final maps are built. It is possible to modify the initial locations of certain markers by displacing the segment (symbolizing the marker) with the mouse. In this case, the program starts from this new pre-ordering. After optimizing, a line between the initial and final locations is drawn for each marker, so allowing the assessment of the marker displacement. By clicking on the marker label (e.g. AFM34ye9 in Figure 5 ), the other location is indicated. The same procedure can be performed by clicking on a given trajectory. We see in this example that the map size increases from 36.8 to 51.2 cM, and the criterion [equation (3)] decreases from 61.81 to 3.07. Certain marker locations change entirely. Different options can be selected in the menu; for example, to modify the graph and map scales, or to store the different maps in postscript. An interesting feature of this system is the possibility of setting 'anchor markers'. Previous knowledge on markers allows one to consider the location of some of them as known. These anchor markers have an abscissa approximately fixed, i.e. varying in a small range around a user-defined value. This allows a better location of all other markers.
Discussion and conclusion
The approach described in this paper is based on the principle of multi-dimensional scaling techniques. As the mapping problem is unidimensional, we have used one complementary degree of freedom for displacing the points representing the markers to improve the search for the optimal map. The criterion /* is derived from a usual criterion of least squares / by adding a gravitation potential. The approach is independent of the criterion choice. The criteria based on the adjoining recombination fractions or genetic distances, as in Wilson (1988) , Falk (1989) and Olson and Boehnke (1990) , are not appropriate for our method. A non-exhaustive use of the pairwise recombination fractions (or genetic distances) in the criterion definition leads to an incorrect optimal map by our optimization approach. However, the criteria of Buetow and Chakravarti (1987) or Lalouel (Weeks, 1988 ) may be used, as well as the one based on lod scores proposed by Curtis (1994) .
We have studied the sensitivity of our criterion relative to the parameters and concluded that the influence on the final marker ordering is weak. On the whole, our criterion is reliable, as shown with simulated maps as well as with real data. However, it underestimates large distances between pairs of loci, and therefore is responsible for a bias in the size of the final map: we obtained a map 50.5 cM longer than the published one for the 70 marker data. To eliminate the errors in the distance estimations, it is possible after a global analysis to divide the marker set into subsets of linked markers and perform maps for each subset. So by using this strategy (chromosome 2 is cut into four fragments), the map size previously found (323.5 cM) becomes 379.2 cM after analysis of each fragment; the size difference with the published map is reduced to 5.2 cM.
A comparative study has been carried out by eliminating the additional dimension (i.e. the K-axis), on the 70 marker data. We have modified the parameters so that no expulsion (P = 0) and no gravitation (y= 1) occurs. Both vertical forces were set to zero. In this case, the interaction forces are maintained horizontal. The initial marker locations were identical to those used in the previous study. The result gives 6-fold more marker inversions and heightfold more misplaced markers for the unidimensional process compared to the bi-dimensional one. We can clearly see here the advantage of an additional dimension.
In the case of the 16 marker data, we have performed a bi-dimensional representation of the point set by eliminating the gravitation process. The markers may interact freely in the plane. Markers slightly above or under the axis (D6S8, D6S4, D6S5 and D6S90) are probably the less determined ones, since the K, mean of these markers (126.75) is less than that of the other markers (195.8) . In fact, in the absence of gravitation, the point set does not show a stretched and linear form, then the optimal map obtained by projection on the chromosome axis will be erroneous. In addition, the criterion defined for a linear model is always higher than the one obtained fora bi-dimensional representation. So a difference between these values quantifies the accuracy of genetic distances with a linear model. It is possible to detect such a phenomenon when the relative variation of criterion between the two-and one-dimensional models overtakes a given threshold. In this case, two solutions are possible: (i) the markers located far from a global axis susceptible to lead to an incorrect map are detected and eliminated from the analysis; (ii) the whole set is cut into subsets of linked markers, a map is built for each subset, and then a global map is obtained by joining these maps.
Recently, Curtis (1994) proposed a method for ordering loci somewhat similar to ours. He uses a recomposition process of the markers in a plane and forces them back on the chromosome axis, but does not expel them at the start of the process. He also does not use a pre-ordering seriation procedure as we do. In practice, this procedure is necessary to improve the final map. Curtis optimization criteria are different from ours, and he also uses different evaluation criteria. He also does not refer to any bias in the length of the maps and results are given only for small size maps of 20 loci. However, Curtis' study and ours show that the algorithm which makes use of a second dimension for marker interactions is productive and leads to new perspectives in gene mapping.
The usual methods CRIMAP and MAPMAKER search for identifying linkage groups of markers from a two-point analysis, and then order markers within each group by testing the different combinations. To deal with the combinatorial limitations of these approaches, our method allows a map to be obtained from the whole marker set. Then the possible improvements of the map can be obtained by performing local submaps. The previous methods are admittedly efficient; however, BDS-Map is a fast method allowing a global analysis.
Perspectives
The different examples on observed or simulated data show the reliability of the bi-dimensional method (BDS-Map).
The optimization method lies on a deterministic process allowing the modification of the marker locations. The idea of using a complementary dimension to the mapping problem is at the basis of its improvement.
We have shown the advantages of the approach: (i) Its ability to treat large maps: there is no need for preordering of markers for maps up to 20 markers, and no variation in the final map is observed. The inter-distances are very close to those given by other methods (3 cM for the largest difference), but pre-ordering by initial seriation method is useful for optimization of the BDS process on larger maps, (ii) Its efficiency: BDS-Map compares favourably with the unidimensional scaling method. (iii) Its speed: BDS-Map is a fast method: the run time of the 70 markers study is typically <25 s with our Pascal program running on a Hewlett-Packard 735 model computer (40 MFLOPS). The criterion allows us to obtain a correct order of markers. However, it shows an underestimation of large distances (often associated with insignificant lod scores), possibly inducing a bad representation of the length of the map. Further analysis of the method is necessary to reduce these defaults of the criterion, especially to evaluate large distances more accurately. A possible strategy will consist of automatically cutting the map after a global analysis and re-estimating the inter-loci distances.
In conclusion, the system called ANGE ('ANalyse du GEnome') includes both the program BDS-Map and the software allowing the query of a database. Mapping modules with an X-windows interface complete the system (database (8)
The interaction r" ; of a point m, with another mj at step n is the product of an 'attraction coefficient' a tJ by the unitary vector u,y defined by the point pair {m,, mf). The expression of a" is defined as follows: (9) where d{m", m") stands for the Euclidean distance between the two points at step n.
The choice of a" ls is justified as follows: when the geometric distance 6{m", m") is larger than the observed genetic distance d,j, it must be reduced to obtain a best location of m". In this case, r" 7 becomes an attraction force between the points m" and m". The weights fflf, take into account the precision associated with the observed distances d,j.
In Figure 1 , the vectorial representation of a 3-point set at step n is presented. Points 1 and 2 (as 2 and 3) are attracted one to the other (forces ri2, r2i, ^and r32). In this case, a 12 and <323 are positive since the genetic distances between these points are smaller than the geometric distances. Alternatively, points 1 and 3 repulse each other (forces r\i and r3i), SO that a 13 is negative because the genetic distance between these points is larger than the geometric distance.
Expression of expulsion and gravitation forces
The expulsion force E," acting at step n is a function of F, specific to each marker and is expressed as follows:
The constant (3 (0 <, (3 < 1) controls the decreasing of the effect of the expulsion force as the step number n increases. The expression of F,, corresponding to the initial expulsion force (step 0), is defined in the final section. The gravitation force G" is a vector whose modulus is proportional to the coordinate Y", just as a usual gravitation of a body depends on its height. A constant y with 0 < y < 1 controls the value of the gravitation force G, as the step number increases.
where Y,•" denotes the K-coordinate of point m-, atstepn, J the unitary vector of the K-axis, and g," the 'gravitation' coefficient. The gravitation constant K, is defined in the final section. In our study, (3 and y are respectively set to 0.99, allowing a slow evolution of the markers in space.
Weights in the criterion
The weight matrix (ty is defined as a function of the maximal lod scores. The range of the lod score values can be reduced if they are too scattered (some could go up to 100 or more, while others are close to one). In the application, the weights are taken equal to lod scores.
Parameter choice
Consider the sum of genetic distances and the sum of lod scores of a given marker with the other ones. When the distance sum is large (relative to the other values), it means that the considered marker is possibly located at the extremities of the map. So a large expulsion force F, is necessary to extract the point m, from the point set and to facilitate its final location. Hence the modulus of the vector F; is proportional to the sum of genetic distances:
where a denotes a user-defined parameter.
In the second phase, the markers associated with large weights (or lod scores) should be located in the chromosome axis before the others. So the constant K, introduced in the gravitation force is taken proportional to the weight sum:
to,,
where b denotes a user-defined parameter.
Both parameters take account of data uncertainties related to loci locations to improve the BDS process.
